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SPECIAL TOPIC — Organic and hybrid thermoelectrics

Facile fabrication of highly flexible, porous PEDOT:PSS/SWCNTs
films for thermoelectric applications
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High-performance organic composite thermoelectric (TE) materials are considered as a promising alternative for har-
vesting heat energy. Herein, composite films of poly (3,4-ethyienedioxythiophene):poly(styrene sulfonate)/single-walled
carbon nanotubes (PEDOT:PSS/SWCNTs) were fabricated by utilizing a convenient solution mixing method. Thereafter,
the as-prepared hybrid films were treated using sulfuric acid (H,SOy4) to further optimize the TE performance. Film mor-
phological studies revealed that the sulfuric acid treated PEDOT:PSS/SWCNTs composite samples all possessed porous
structures. Due to the successful fabrication of highly conductive networks, the porous nano-architecture also exhibited
much more excellent TE properties when compared with the dense structure of the pristine samples. For the post-treated
sample, a high power factor of 156.43 uW-m~!-K~2 can be achieved by adjusting the content of CNTSs, which is approx-
imately 3 orders of magnitude higher than that of the corresponding untreated samples (0.23 uW-m~! -K‘z). Besides, the
obtained films also showed excellent mechanical flexibility, owing to the porous nanostructure and the strong 7—7 inter-
actions between the two components. This work indicates that the H,SO4 treatment could be a promising strategy for
fabricating highly-flexible and porous PEDOT:PSS/SWCNTs films with high TE performances.

Keywords: porous film, thermoelectric properties, flexibility

PACS: 73.50.Lw, 88.30.rh, 78.67.Rb

1. Introduction

Recently, the demand for eco-efficient, renewable, and
sustainable energy, which has attracted a lot of inter-
est, triggers the development of various energy conversion
systems.['>] Among the most common technologies, flexi-
ble thermoelectric (TE) generator can directly convert heat
into electrical energy without additional pollution, and is con-
sidered an ideal approach to harvest energy for portable and

[6-91 Considerable attention has been

wearable electric devices.
paid to organic TE materials, especially the conductive poly-
mers (CPs) and their nanocomposites for developing high-
performance flexible TE generators, through which the large
amount of ubiquitous low-quality heat can be effectively uti-

6.10.11 The energy conver-

lized as green energy resources. !
sion efficiency of TE materials is generally determined via the
dimensionless figure of merit ZT = S?>cT /X, where 0,S,T,
and « stand for the electrical conductivity, Seebeck coeffi-
cient, absolute temperature, and thermal conductivity, respec-
tively. Obviously, ZT can be improved via either increasing
the power factor (PF = S20) or decreasing the thermal con-
ductivity x.

Most CPs and their nanocomposites exhibit relatively

TThese authors contributed equally.
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low thermal conductivity, in general less than 1 W-m~!.K~!
(around 1-3 orders of magnitude lower than that of the inor-
ganic TE materials), and they therefore show enormous poten-
tial in TE applications if an ideal ¢ and S can be obtained.[”-!?]
Thus far, continuous attempts have been made to improve
the power factor of the typical CPs, such as polyani-
line (PANI), polypyrrole (PPy),

polythiophene (PTH), and their derivatives.

polycarbazole (PCarb),
Specifically,
poly(3,4-ethylenedioxythiophene):polystyrene-sulfonate (PE-
DOT:PSS) as a typical derivative of PTH, possesses unique
solution processability, excellent environmental stability, and
relatively high electrical conductivity, offering the possibility
of realizing even higher power factor, and is considered one
of the most ideal organic TE materials.!®?! Besides, the PE-
DOT:PSS film also shows excellent flexibility, light weight,
and commercial availability, which provides an opportunity
for large-scale application in portable TE devices.

To further increase the power factor, it has been pro-
posed to separate PSS from PEDOT:PSS for achieving crys-
talline PEDOT with additive such as surfactants, 1314 organic

[15,16] 17,18 19,20]

solvents, ionic liquids,!'”-'8 and inorganic salts,|

as well as post-treatment by immersing PEDOT:PSS films
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into polar solvents (e.g., DMSO,[21:221 EG,[23.24] etc.) or
acids.[?>2%] Besides, introducing inorganic fillers into the PE-
DOT:PSS matrix has also been demonstrated as an effec-
tive method to improve their TE properties. Among var-
ious inorganic fillers, carbon nanotubes (CNTs) have at-
tracted a great deal of attention, due to their high con-
ductivity, unique mechanical properties, lightweight, and
stability.[?-2°! For preparing the CNTs/PEDOT:PSS compos-
ites, various methods were conducted, for instance, Yu et
al. mixed two different CNTs with PEDOT:PSS directly for
forming electrically connected junctions, and achieved a max-
imum ZT of ~ 0.02;83% Song et al. prepared layered nanos-
tructure of PEDOT:PSS/SWCNTs by using a two-step spin
casing process, and obtained a maximum power factor of
21.1 uW-m~1.K~2;311 Zhang et al. fabricated nanocompos-
ites of PEDOT:PSS-coated multi-wall CNTs via an in situ
polymerization process, which possessed much higher power
factor than that of the pure PEDOT:PSS.?! For further im-
proving the TE properties of the CNTs/PEDOT:PSS compos-
ites, solution mixing and post-treatment process were com-
bined. For example, Jiang et al. introduced DMSO solu-
tion into PEDOT:PSS and then prepared single-walled CNT
(SWCNTs)/PEDOT:PSS composite by using a vacuum fil-
tration method, which showed a notable ZT of 0.12;133
Zhang et al. prepared PEDOT:PSS/SWCNTs composite by
direct mixing method, and the obtained samples were then
dipped into DMSO solution, reaching an optimized power
factor of 300 uW-m~1-K=2.03% Lee er al. investigated the
effect of post-treatment using ethylene glycol (EG) on the
TE property of CNTs/PEDOT:PSS composite, and the re-
sults revealed that after EG treatment, the highest power fac-
tor of 151 pW-m~!-K~2 can be obtained.'*>! Du et al. fab-
ricated flexible CNTs/PEDOT:PSS composite films and en-
hanced their power factor to 108.7 uW-m~!-K~2 via a post-
treatment procedure using DMSO. 3%

The above-mentioned results are encouraging and pro-
vide potential directions for further research. However, up to
now, there are few reports about the design of their morpholo-
gies (e.g., porous nanostructures), which is an important factor
affecting the thermal conductivity and thus TE properties of
the composites.?”) Recently, aiming to suppress the thermal
conductivity, aerogel porous structures have been successfully
created in PEDOT:PSS-based composites.!*83"] Nevertheless,
a large amount of micrometer-sized pores may inevitably re-
duce the electrical conductivity and the physical mechanical
properties. Therefore, it is still a great challenge to develop
a porous structure with relatively high electrical conductivity
and Seebeck coefficient.

Herein, SWCNTs were incorporated into the PE-
DOT:PSS solution to fabricate flexible PEDOT:PSS/SWCNTs
composite films by using a drop-casting method. Additionally,

a post-treatment procedure using sulfuric acid was conducted.
It is found that the sulfuric acid treatment can not only improve
the crystallinity of PEDOT:PSS, but also change the surface
topography of the film.[*?! Considering that the hollow CNTs
were partially embedded in the PEDOT:PSS matrix, we spec-
ulate that the variation of morphology may be extended to the
internal part of the whole PEDOT:PSS/SWCNTSs composite
film after the post-treatment using HySO4. Not surprisingly,
the treated samples containing different contents of CNTs all
show porous structures. Due to the successful fabrication of
highly conductive networks, the treated samples with porous
structure also show much more excellent TE properties when
compared with the pristine samples with dense structure. After
treatment, the samples containing 10 wt% SWCNTs can reach
a maximum power factor of 156.43 uW-m~!-K~2 at room
temperature. This work indicates that the HySOy4 treatment
could be a promising strategy for fabricating highly-flexible
and porous PEDOT:PSS/SWCNTs films with high TE perfor-

mances.

2. Experimental details
2.1. Chemicals

PEDOT:PSS (Clevios PH1000) was received from Her-
aeus Company (Germany). Sulfuric acid (H,SO4, 98%) and
nitric acid (HNOs3, 69%) were purchased from Sun Chemical
Technology Co., Ltd. (Shanghai, China). All reagents were
used as obtained without further purification. SWCNTSs with
a diameter of less than 3 nm (purity > 95.0 wt%) were ob-
tained from XFNANO Materials Technology Co., Ltd. (Nan-
jing, China). Deionized water (DW) and ethanol were used
throughout the preparation procedure. In the film preparation,
1.00 cm x 1.00 cm x 0.05 cm glass sheets were used as sub-
strates.

2.2. Preparation of porous PEDOT:PSS/SWCNTs com-
posite films

To improve the dispersion of CNTs in water, an acid treat-
ment was conducted: a proper amount of CNTs was added
to the mixture solution of H,SO4/HNO3 (volume ratio 3/1).
The as-prepared mixture was ultrasonically treated for 6 hours
at 50 °C, and then the suspension was continuously cleaned
by vacuum filtration until the filtrate was neutral. To prepare
PEDOT:PSS/SWCNTs composite films, different weight frac-
tions of CNTs (0, 2, 5, 7, 10, 12.5, 15, 20 wt%) were added
to the PEDOT:PSS aqueous solution (1 mg/mL), and followed
by 1 hour ultrasonic treatment. Afterwards, the mixed solution
was cast on glass substrates and dried at room temperature.
For the sake of brevity, these as-prepared films were abbrevi-
ated as PP, PP-2, PP-5, PP-7, PP-10, PP-12.5, PP-15, and PP-
20, respectively. For post-treatment, the as-prepared film sam-
ples were H>SO4 treated for 24 hours in a warm-water bath
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(around 50 °C). And then, the treated samples were washed
by using a large amount of DW and ethanol, and followed by
a drying process. Finally, the porous PEDOT:PSS/SWCNTs
composite films were successfully fabricated. For ease of
comparison, the HySO4 treated samples were abbreviated as
PP-H, PP-2-H, PP-5-H, PP-7-H, PP-10-H, PP-12.5-H, PP-15-
H, and PP-20-H, respectively.

2.3. Characterization and measurements

The morphologies of the samples were examined by a Hi-
tachi S-4700 field emission scanning electron microscope (FE-
SEM). The molecular structure changes were investigated by
using a Thermo Fisher Nicolet 6700 Fourier transform infrared
spectroscopy (FTIR) in the scanning range from 550 cm~! to
4000 cm~!. Raman spectra were collected within a wavenum-
ber range of 500-2000 cm~! using a Renishaw inVia-Feflex
confocal Raman microscope (UK) with an excitation wave-
length of 514.5 nm. Ultraviolet-visible (UV-Vis) absorption
spectra were recorded by using a Thermo Fisher Evolution 220
spectrophotometer (USA) within a wavelength range of 190-
1100 nm. X-ray diffraction (XRD) analyses were performed
on an x-ray powder diffractometer (Smartlab 9) in the scan-
ning range 260 = 5°-60°. The electron binding energies of the
polymers were measured using a Thermo Fisher ESCALAB
250Xi x-ray photoelectron spectroscopy (XPS). The Seebeck
coefficients and electric conductivities were measured by us-
ing a MRS-3 M thin film thermoelectric test system (Wuhan
Joule Yacht Science & Technology Co., Ltd, China) under vac-
uum environment. The carrier mobility and carrier concentra-
tion were investigated using a CVM 200 Hall system (Beijing
Chenjing Tech Co., Ltd., China).

SWONTs %\L

PEDOT

Free-standing
PEDOT:PSS/SWCNTs film

PEDOT:PSS/SWCNTs mixture

PEDOT:PSS/SWCNTs
film in H,SO,

3. Results and discussion

In this work, we designed and fabricated porous PE-
DOT:PSS/SWCNTs composite films with high flexibility and
excellent thermoelectric properties, by adding SWCNTs to
PEDOT:PSS solution and a following post-treatment using
H>SO4. As shown in Fig. 1, a proper amount of acid
treated SWCNTs and PEDOT:PSS were mixed directly to
form a dark blue solution, which can be used to prepare
PEDOT:PSS/SWCNTs composite films through a facile drop
casting strategy. To further improve the TE properties of
the as-prepared composite samples, the nonconductive PSS is
partly removed via a H,SO4 post-treatment. Meanwhile, more
ordered conductive structure forms due to the rearrangement
of the polymer molecular, and subsequently results in the vari-
ation of surface morphology of PEDOT:PSS. Considering that
the CNTs possess hollow nanostructure, the incorporation of
SWCNTs may promote the diffusion of acid liquid into the
composites and thus extend the morphology evolution from
surface to the internal part of the whole SWCNTs/PEDOT:PSS
film via H,SOy4 treatment.

To obtain an insight into how the sulfuric acid solution
processing affects the nanostructure of PEDOT:PSS and the
composites thin films, SEM imaging was applied to char-
acterize the variation of the film morphologies before and
after the post-treatment. As shown in Fig. 2, relatively flat
surface topography was clearly observed in the pristine PE-
DOT:PSS sample. With introduction of SWCNTs, the surface
of the composite films become much rougher compared to
that of the pure PEDOT:PSS film. When the amount of SWC-
NTs is relatively small, for example, 2 wt% and 5 wt%, long
strips of CNTs can only be observed in some section of the
film with relatively large space between the adjacent CNTs.

PEDOT:PSS/SWCNTs

\ 4

S

H,SO, treatment 7

-

Drying process

PEDOT:PSS/SWCNTs
film on glass substrate

Fig. 1. Schematic illustration of the fabrication process of the porous PEDOT:PSS/SWCNTs film with high flexibility.
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-

Fig. 2. SEM images of as-prepared PEDOT:PSS/SWCNTs films with different SWCNTSs contents: (a) 0 wt% SWCNTs; (b) 2 wt% SWCNTSs; (c)
5 wt% SWCNTSs; (d) 10 wt% SWCNTs; (e) 15 wt% SWCNTs; (f) 20 wt% SWCNTs.

Fig. 3. SEM images of PEDOT:PSS/SWCNTs films with different SWCNTs contents after 24 h of HySOj4 treatment: (a) 0 wt% SWCNTs; (b)
2 wt% SWCNTS; (¢) 5 wt% SWCNTSs; (d) 10 wt% SWCNTSs; (e) 15 wt% SWCNTs; (f) 20 wt% SWCNTs.

Namely, the conductive networks is not dense enough. With
the CNTs loading increased to 10 wt%, they were found to
uniformly distribute in the whole film, generating highly con-
ductive continuous network with sufficient PEDOT:PSS/CNTs
interfaces. By further increasing the SWCNTSs content, some
of them begin to aggregate both on the surface and inside the
film.

After HySOy4 post-treatment, the surface topographies of
PEDOT:PSS and the composite samples are very different.
As shown in Fig. 3, SEM images of PEDOT:PSS thin films
present some nanorods-like structures, which agrees well with
that reported in the literature.[*”) The formation of observed
nanofibrils in PEDOT:PSS may be associated with the removal
of PSS and the structural rearrangement during the concen-
trated HoSO4 soaking process./*?! It is noteworthy to point
out that after the H,SOy4 post-treatment, some submicron and
nano-scale pores appear in the composite samples. Appar-
ently, the appearance of the observed porous structure is di-

rectly related to the introduction of the SWCNTSs, the hollow
nanostructure of which may promote the penetration of the
acid liquid in the composite samples. During the acid treat-
ment, nanostructure of the conductive PEDOT:PSS was rear-
ranged with removal of partial nonconductive PSS. Besides,
some SWCNTs were partially embedded in the PEDOT:PSS
component. With the help of SWCNTs, the above-mentioned
processing of structural rearrangement in PEDOT:PSS could
be effectively promoted. So that the variation and evolution of
PEDOT:PSS morphologies would occur not only on the film
surface but also in the internal part of the whole thin sam-
ple. In other words, the enhanced structural reorganization in
PEDOT:PSS leads to the generation of the porous structures
among the whole hybrid film.

To deeply understand such a change on the molecu-
lar level, the samples were characterized by using a non-
destructive Raman spectroscopy, which is a powerful tool for
studying conductive polymers and their composites. The Ra-
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man spectra of pristine PEDOT:PSS and the as-prepared PE-
DOT:PSS/SWCNTSs composites are presented in Fig. S1. For
pristine PEDOT:PSS samples, 1432 cm™! and 1499 cm™!
bands are characteristic of symmetric Co=Cpg (—O) stretching
in the five-membered ring and asymmetric Cq=Cp stretch-
ing, respectively. [*!l With incorporation of SWCNTs, the most
significant difference is that the both peaks were blue-shifted.
For example, in the composite containing 10 wt% of SWC-
NTs, the corresponding bands of PEDOT molecules shift dis-
tinctly to 1439 cm™' and 1503 cm™', respectively. On the
other hand, for the composite films, a sharp band centered
at 1592 cm~! with a shoulder broad band at 1576 cm™! can
be attributed to the G and G~ bands, namely, longitudinal
mode and circumferential mode of the semiconducting SWC-
NTs, respectively.[4?] Notably, the raise of intensities for the
two characteristic bands can be clearly observed with increas-
ing the SWCNTSs content of the composites. These band-shifts
and the changes in band intensity show that the interfacial
7m—m interactions between PEDOT molecules and SWCNTs
are relatively strong, which would facilitate the PEDOT:PSS
molecules to be attached to the surface of SWCNTs, [4243]
After the treatment by using sulfuric acid, the sym-
metric Cy=Cp stretching band in the composite samples
was red-shifted, as shown in Fig. S2, which was quite
similar to the situation that occurred during oxidation pro-
cesses of PEDOT:PSS as well as doping treatment via di-
electric solvents.[1>-16:3144451 Generally, the shift of sym-
metric Cq=Cpg stretching vibration (in the range of from
1432 cm™! to around 1443 cm™! in this work) is mainly as-
sociated with the relative proportion of benzoid and quinoid
conformations, resulted from variation of the oxidation level
of molecular structure and the degree of thiophene backbone

n.[34] Because there is lack of conjugated 7-

deformatio
electrons on Ca—Cﬁ, the band red-shift of symmetric Ca:CB
stretching implies that more quinoid structures exist in the
composites as compared with the untreated samples. #4401 Tt
is well known that in an expanded/linear quinoid-dominated

structure, it is easier for conjugated m-electrons to be delo-

ing thiophene rings are oriented almost in the same plane, and
thus providing improved charge-carrier mobility, rather than

16311 Besides, after the acid

in a coil benzoid-dominated type.!
treatment, significant rise in the corresponding band inten-
sities can also be observed, which may be attributed to the
oxidation or reorientation effect of sulfuric acid on PEDOT

4145461 Moreover, as shown in Fig. S3, the band as-

chains. !
signed to asymmetric Co=Cjp stretching in the treated sam-
ples, was gradually blue shifted with increasing the CNTs con-
tent, which can be interpreted by the strong interaction be-
tween the two components. Meanwhile, the band intensity
significantly increases with increasing the SWCNTSs content,
and reaches a maximum value in the sample containing about
10 wt% SWCNTs, as shown in Fig. 4(a) and Fig. S3, illustrat-
ing that the incorporation of an appropriate amount of SWC-
NTs can reinforce the moderate oxidation processing and/or
the reorientation effect of PEDOT molecular chains via a post-
treatment of sulfuric acid. More detailed information about
the variation of PEDOT:PSS/SWCNTs composites during the
treatment processing will be discussed in the following sec-
tions.

UV-Vis spectra were applied to characterize the struc-
ture changes in PEDOT:PSS and PEDOT:PSS/SWCNTs hy-
brid films. As shown in Fig. S4, for the pristine PEDOT:PSS,
absorbance peaks at 223 nm and 253 nm can be ascribed
to the aromatic ring of —PSS group.*’! After treated by us-
ing HySOy4, both of the peaks are however not visible, which
results from the removal of the nonconductive —PSS part.
Figure 4(b) shows UV-Vis spectra of SWCNTS and PE-
DOT:PSS/SWCNTs hybrid films after 24 h of H,SO; treat-
ment. As the incorporation of SWCNTs, both of the peaks
shift to higher wavelength direction, for instance, the peak at
253 nm shifts to 273 nm due to the strong 7—7 interactions be-
tween SWCNTs and PEDOT:PSS. Meanwhile, the peak inten-
sity increases with the increasing of the SWCNTSs content. Ac-
cording to Kang and the co-authors, the increase in UV region
absorbance suggests that the optical transition occurs, which
may be resulted from the addition of SWCNTs with highly

calized over the whole PEDOT chain, in which the neighbor-  mobile holes.[#7:43
—PPH  ——PP-I5- Q b —PP-H C — PP- — PP-15-
=, —m 8 ®) e N P Mt
——PP-5H ——CNTs v 223,73 PhaoH L |" —ppsH —oNTs
PP-10-H 2> > —PPISH G
. KR =] PP-20-H E
Zle aa wzd = 2 —om sy E
R O S WAYY & £
Q 1\ o @
= i A El (200)
— ol —
A < (010)
600 900 1200 1500 250 300 350 400 450 10 20 30 40

Raman shift (cm™%)

Wavelength (nm)

20 (*)

Fig. 4. (a) Raman spectra, (b) UV-Vis spectra, and (c) XRD patterns of SWCNTS and PEDOT:PSS/SWCNTs hybrid films after 24 h of H;SO4

treatment.
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PSS PP

Intensity

172 170 168 166 164 162
Binding energy (eV)

(c)

PSS PP-10

Intensity

172 170 168 166 164 162
Binding energy (eV)

(b)
PP-H

Intensity

2p3/2

X 4 2p|/2

172 170 168 166 164 162

Binding energy (eV)

(d) PSS PP-10-H

PEDOT

2p,

312

Intensity

2p|l2 2p3/
2p,,

172 170 168 166 164 162
Binding energy (eV)

Fig. 5. The S 2p high resolution XPS spectra including fits for PEDOT and PSS: (a) pristine PEDOT:PSS, (b) sulfuric acid treated PEDOT:PSS,
(c) the as-prepared PEDOT:PSS/SWCNTSs hybrid sample containing 10 wt% SWCNTs, and (d) sample (c) treated by using H>SOy4.

To further understand the effect of the SWCNTSs incorpo-
ration on the structures of conductive PEDOT:PSS molecular,
XRD patterns were examined to investigate the variation of
their crystallization properties. For the pristine PEDOT:PSS
(shown in Fig. S5), the XRD patterns only possess two faint
characteristic peaks at 17.5° and 25.4°, associated with the
amorphous halo of PSS and the interchain planar ring-stacking
of PEDOT, respectively.**41 With incorporation of the SWC-
NTs, the intensity of the two peaks increases, which may be
resulted from the strong interactions between the two compo-
nents. After the post-treatment (see Fig. 4(c)), two novel char-
acteristic peaks appear in the XRD patterns, that is, 260 = 6.3°
and 12.6°, indexed to the lamella stacking (100) of two dis-
tinct alternate orderings components and its corresponding
second-order peak (200), respectively.[*0#91 After addition of
the SWCNTs, the peaks at 260 = 6.3° and 12.6° shift to a
lower angle with increased intensity (as shown in the inset of
Fig. 4(c)), which indicates the increasing lamella stacking and
improved crystallinity. The highly ordered pattern with strong
reflective intensities would facilitate the transport of the hole
charge in the continuous porous framework, and thus the in-
crease of the electric conductivity. These changes can be as-
cribed to the removal effect of the sulfuric acid and the follow-
ing molecular rearrangement.

XPS analysis was conducted to further elucidate the
chemical composition changes during sulfuric acid treatment
(shown in Fig. 5). For the high resolution S 2p spectra, there
are two remarkable characteristic bands centered at binding
energies of ~ 169 eV and ~ 164 eV, which are readily as-
cribed to the presence of PSS and PEDOT, respectively. It

is worth noting that, the relative content of PSS to PEDOT
on the film surface was obviously decreased. According to
the previous reports, this ratio decrease is reflective of confor-
mational variation of PEDOT:PSS arose from PSS removal in
the processing of sulfuric acid treatment.>>26:40501 To quan-
tify the effect of the PSS extraction, the ratios of PSS to PE-
DOT were estimated by calculating the integral area ration
of the corresponding peaks. The highest PSS/PEDOT sur-
face component ratios of 2.47 and 3.48 were obtained for
the pristine PEDOT:PSS and PEDOT:PSS/SWCNTs (PP-10)
films, whereas the post treatment using H,SOy4 reduced the
PSS/PEDOT ratio to 0.49 and 1.36 for the treated PEDOT:PSS
and PEDOT:PSS/SWCNTs (PP-10-H) films, respectively. As
is well known, the PSS part is non-conductive in nature, and
thus plays a negative role on the electrical conductivity of
PEDOT:PSS. Therefore, the decrease in the PSS content can
tremendously increase the carrier concentration. Addition-
ally, the decreased PSS component also leads to the struc-
tural rearrangement in PEDOT chains, resulting in more lin-
ear conformation and thus better crystallinity of the conduc-
tive polymers. All these changes can effectively improve
the interchain and interdomain charge hopping between PE-
DOT grains, which will enhance the electron transport of PE-
DOT:PSS and the related composite films. 333!

Figure 6(a) shows the electrical conductivity (o) of
the as-prepared PEDOT:PSS/SWCNTs films as a function
of SWCNTs. As can be seen, the pristine PEDOT:PSS
film only presents a relative low electrical conductivity of
around 0.14 S-cm™~!, due to the disordered arrangement of the
molecules (see Fig. S5). With incorporation of the SWCNTs,
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the electrical conductivity of the composite films significantly
increases. In this study, due to the acid pretreatment, SWCNTs
can disperse well in PEDOT:PSS aqueous solution, and easily
form more PEDOT:PSS/SWCNTs interfaces during the drying
progress. Besides, the SWCNTs possess much higher elec-
trical conductivity than the pristine PEDOT:PSS film. With
increasing SWCNTSs content, more efficient electrical path-
ways are fabricated resulted from the increase of the CNTs
bundle connections (see Fig. 2).1>>) When the weight ratio of
SWCNTs is up to 20 wt% in this work, the electrical con-
ductivity of the composite sample achieves a high value of
27.84 S-cm™!, and continually increases with further increas-
ing SWCNTSs content in the composites (Fig. S6). Seebeck
coefficient is an intrinsic factor determining the TE properties
of the materials. As is presented in Fig. 6(b), the pristine PE-
DOT:PSS film reveals a Seebeck coefficient of 18.9 uV-K—!,
which is very similar to that of early reported PEDOT:PSS
(19.4 puV-K~1).1261 With addition of 2 wt% SWNCTs, the
Seebeck coefficient decreased to around 16.1 pV-K", and
reduced slightly with continual increasing of the CNTs filler
content. When the CNTs content was increased to 12.5 wt%,
a minimum Seebeck coefficient of 14.9 pV-K~! was obtained.
This decline of the Seebeck coefficient can be ascribed to the
dramatic increase of the carrier concentration with the SWC-

NTs incorporation. For example, the as-prepared PP-10 com-
posite sample (containing 10 wt% SWCNTSs) possesses a car-
rier concentration of 5.76 x 10! cm™3 (shown in Fig. 7 and
Table S1), which is much larger when compared with that
of the pristine PEDOT:PSS (7.24 x 10'® cm™3). Generally,
the increase of carrier concentration may help to push Fermi
level (Ef) into the conduction band, which in turn results in
the decrease of the Seebeck coefficient. 2092 Whereas, when
further increasing the CNTs filler content, the Seebeck coeffi-
cient of the composite films appears to increase, for instance,
composite samples PP-15 and PP-20 display 17.5 puV-K~!
and 16.8 uV-K~!, respectively. The Seebeck coefficient only
shows slight changes as increasing the CNTs loading content
(Fig. 6 and Fig. S6), and thus the power factor is mainly associ-
ated with variation of the electrical conductivity. For samples
with relatively low CNTs content (< 20 wt%), a power fac-
tor of around 0.786 uW-m~!-K~2 can be achieved (Fig. 6(c)).
With the further rise in CNTs loading, the electrical conductiv-
ity of the composite films continuously increases since more
efficient electrical pathways are created. As expected, the as-
prepared composite films containing 90 wt% CNTs possess
the highest power factor of 45.34 uW-m~!-K~? (Fig. S6(c)).
Apparently, these values are not good enough to meet the high
requirements of thermoelectric energy conversion.
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In this study, a post-treatment using sulfuric acid is con-
ducted to remove the PSS component, which is not conduc-
tive. As discussed above, the removal of PSS using H,SO4
also results in the structural rearrangement of the compos-
ite samples, and thus leads to improving of the crystallinity

(Fig. 4(c)). All these structure characteristics are beneficial
to the improvement of electrical conductivity. For exam-
ple, the HySO4 treated PEDOT:PSS films present an electri-
cal conductivity of 1637.39 S-cm~! in this work (Fig. 8(a)),
which is 4 orders of magnitude higher than that of the pris-
tine polymer film (around 0.14 S-cm™). Figure 8(a) also
displays the variation of the electrical conductivity for com-
posite samples as a function of CNTs content. It is clear that
the conductivities of all composite films are dramatically im-
proved through the post-treatment. Notably, the conductiv-
ity can also be greatly enhanced with the introduction of the
SWCNTs, which is associated with the strong interfacial 77—
7 interactions between the two components (Figs. 4(a) and
4(b)). With a gradual increase of the CNTs filler ratio, inte-
grated conductive continuous network is steadily fabricated,
due to the formation of more effective PEDOT:PSS/CNTs in-
terfaces. As a result, the electrical conductivity continually
increases and achieves a maximum value of 4333.33 S-cm™!
when the fraction of SWCNTs is increased to 10 wt%. How-
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ever, with further increase of the content of SWCNTSs in the
PEDOT:PSS/SWCNTs composites, for example, when the
CNTs content is up to 15 wt% and 20 wt%, visible agglom-
eration of carbon nanotubes appears. In particular, in samples
containing 20 wt% CNTs, almost the whole field of view is
covered with carbon nanotubes (Fig. 3), which is not conduc-
tive to the formation of high-efficient organic/inorganic inter-
face and thus leads to obvious decrease of the ¢ value. As
expected, PP-15-H and PP-20-H samples only show electri-
cal conductivity of 1875.02 S-cm™! and 1865.03 S-cm™!, re-
spectively. It is of interest to note that the CNTs films pre-
pared in this work only present a relatively low ¢ value of
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around 1714.28 S-cm™!, which is much smaller than that of
single-walled CNTs (e.g., 10*—10° S-cm™!).[3%33] This may
be associated with the low packing density of SWCNTSs in the
SWCNTs film. In another word, a contact resistance at junc-
tions of SWCNTs or their bundles is the main reason leading
to the low conductivity of the CNTs. For composite films, PE-
DOT:PSS molecular with ordered arrangement tightly adheres
to CNTs surface and forms continuous conductive networks
with more sufficient and better-connected pathways. Though
porous structure may partly reduce the number of conducting
channels, more efficient networks for charge transport have
been successfully fabricated via sulfuric acid post-treatment.
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Fig. 8. TE properties of H;SO4 treated PEDOT:PSS/SWCNTs hybrid films as a function of CNTSs fractions.

For H,SO4 treated PEDOT:PSS/SWCNTs films, the
Seebeck coefficient changes in a narrow range of 17.5-
19.6 uV~K’1 (as shown in Fig. 8(b)), without obvious vari-
ation trends as a function of SWCNTs fraction. This may
be associated with the morphologies of the nanocomposite
films and the charge transport features between the CNTs
and the ordered structure of PEDOT:PSS. Notably, these val-
ues are around 3 uV-K’l, higher than those of untreated
No-
tably, the post-treatment using sulfuric acid can dramati-

samples ranging from 14.9 uV-K~! to 16.8 uV-K~ .

cally enhance the carrier concentration and the carrier mo-
bility of the PEDOT:PSS/SWCNTSs composites (see Fig. 7
and Table S1) simultaneously, due to the removal of the non-
conductive PSS part and an accompanying molecular rear-
rangement of PEDOT:PSS. As reported, an ordered molec-
ular structure with high carrier mobility is vital for realiz-
ing excellent TE performance in conducting polymers and

their composites. Whereas, the significant removal of non-
conductive PSS also leads to the increase of carrier concen-
tration (Fig. 7 and Table S1). In general, an increase in car-
rier concentration would push the Fermi level (Ef) to the
conduction band, which in turn results in a reduced Seebeck
coefficient.[?3%] On the other hand, effective potential bar-
riers at PEDOT:PSS/SWCNTs interfaces may increase possi-
bility for the energy-dependent scattering of electrical carriers,
namely, an energy filtering effect. Besides, crystallite bound-
aries around the SWCNTs also preferentially allow the carriers
with high energy to pass, and thereby resulting in the increase
of the mean carrier energy and the Seebeck coefficient.[1%>4]
These two competitive mechanisms may affect the Seebeck
coefficient at the same time. Apparently, it is the energy fil-
tering effect that plays the crucial role in the enhancement
of the Seebeck coefficient, rather than the variation of Ef in-
duced via carrier concentration increasing. Due to the slight
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changes in Seebeck coefficient, the power factor is mainly as-
sociated with the electrical conductivity. As a consequence,
a maximum power factor of 156.43 uW-m~!-K~?2 is achieved
for the sample containing 10 wt% CNTs at room temperature

(Fig. 8(c)), which is around 2 orders of magnitude higher than
that of the untreated sample. This outstanding TE performance
is comparable with or even better than other PEDOT:PSS/CNT

composites films (as shown in Table 1).[30:31.33-37.55]

Table 1. TE properties of PEDOT:PSS/CNTs films.

Component Preparing method o (S-em ™) SuV-K) PF@uW-m1.K?) Ref.
PEDOT:PSS/SWCNT DMSO doping and direct mixing 400 ~25 ~25 [30]
PEDOT:PSS/SWCNTs DMSO doping and Layer by layer casting 241 38.9 21.1 [31]

EG treated CNT/PEDOT:PSS Direct mixing, drop casting and EG treatment ~ 780 ~43.7 ~ 151 [35]
DMSO treated SWCNT/PEDOT:PSS Dilution filtration and DMSO treatment 745.4 ~334 108.7 [36]
DMSO treated PEDOT:PSS/SWCNT Direct mixing and DMSO treatment 3800 28 300 [34]

SWNTs/DMSO-PEDOT:PSS DMSO doping and vacuum filtration ~ 535 443 105 [33]

PEDOT:PSS/SWCNT Vacuum filtration and H,SO, treatment 510.6 20.18 20.68 [37]
PEDOT:PSS/SWCNTs Ethanol addition and dilution filtration ~ 900 ~30.5 83.9 [55]
H,SOy4 treated PEDOT:PSS/SWCNT Drop casting and HSO4 treatment 4333.33 ~19.2 ~ 156.43 this work

Thermal conductivity is another important parameter that
governs the thermoelectric conversion efficiency of TE ma-
terials. As reported, the carbon nanotubes generally possess a
high intrinsic thermal conductivity of around 10> W-m~!.K~!,
which makes them irrelevant for direct TE applications. %]
Fortunately, when combined with polymers, the obtained com-
posites often show ultra-low thermal conductivity. For ex-
ample, CNT/PANI nanocomposites possess a thermal con-
ductivity of 0.45 W-m~'.K~! 57l PVAc/MWCNT compos-
ites with stabilizer deliver a thermal conductivity of ~ 0.17-
0.22 W-m~!.K~!,58] while PEDOT:PSS/SWCNTSs compos-
ites have a thermal conductivity of 0.2-0.7 W-m~!.K~1 [59-621
All these results are very close to values of polymer com-
ponent (~ 0.4 W-m~'-K~!) rather than those of CNTSs part,
namely, the thermal conductivity for composites is rela-
tively insensitive to the CNTSs type and concentration.31:3]
In our present work, the relatively low SWCNTs load-
ings suggest that many of tube-tube junctions are con-
nected by PEDOT:PSS matrix, making less favorable paths

60.611 In addition, polymers like

for thermal energy transport.!
PEDOT:PSS possess different vibrational frequencies from
those of SWCNTs, which impedes phonon transport across
SWCNT-PEDOT:PSS-SWCNT interfaces.[°*-¢2) Meanwhile,
phonon can also be scattered at the polymer/SWCNT in-
terface, resulting in a low thermal conductivity.>®%41 More-
over, a large number of pores are observed in submicron-
and nano-scale (see Fig. 3).
structure is crucial to produce phonon scattering and reduce
thermal conductivity, without obviously sacrificing electrical

Theoretically, such a porous

properties.*’! Therefore, the thermal conductivity of porous
PEDOT:PSS/SWCNTs films is expected to be kept at a rela-
tively low level. Notably, after bending for 1000 times at a
bending angle of around 120° (the bending angel 6 is defined
as the angle between plane A and plane B, shown in the in-
set of Fig. 8(d)), the retention of the power factor still remains
at ~ 98.5% (Fig. 8(d) and Fig. S7), revealing good flexibil-
ity of the treated film. This may be correlated with the strong

7T interactions between the two components and the porous
structure of the treated samples.

4. Conclusion and perspectives

In summary, highly flexible, free-standing, porous PE-
DOT:PSS/SWCNTs composite films were successfully fabri-
cated through solution drop-casting method and a subsequent
sulfuric acid treatment. Due to the attachment of conducting
polymer molecular tightly to the CNTs surface, more sufficient
conductive networks were successfully fabricated and thus the
hybrid porous films possessed high electrical conductivities.
In addition, the Seebeck coefficient of the composite struc-
tures varied in a narrow range of 17.5-19.6 uV-K~!. As a
result, the power factor generally exhibited a similar variation
tendency to that of the electrical conductivity, and achieved
a high value of 156.43 uW-m~'K~2 via adjusting the CNTs
content. Besides, due to the porous structure and the strong
-7 interactions between the two components, the compos-
ite film possessed good flexibility. This work provides an ef-
fective strategy to significantly increase the thermoelectric ef-
ficiency of composite materials via construction of efficient
conductive networks with porous nanostructure, benefiting the
developments and applications of TE materials.
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